Copy number variation (CNV) is a source of genetic diversity in humans. Numerous CNVs are being identified with various genome analysis platforms, including array comparative genomic hybridization (aCGH), single nucleotide polymorphism (SNP) genotyping platforms, and next-generation sequencing. CNV formation occurs by both recombination-based and replication-based mechanisms and de novo locus-specific mutation rates appear much higher for CNVs than for SNPs.
INTRODUCTION
The tremendous variability of human genomes highlights the almost absurd notion of a single reference human genome sequence. WatsonCrick base-pair changes have long been well known; those with frequency >1% are referred to as single nucleotide polymorphisms (SNPs). Millions of SNPs have been revealed in human populations, and many more are being discovered with the determination of each personal genome sequence (Table 1) (10, 81, 159, 174, 177) . Although numerous rare point mutations are known to cause sporadic disease, and SNPs are associated with common human diseases (http://www.genome.gov/gwastudies/), few gene rearrangements had been associated with disease traits until relatively recently. For example, it was not until the early 1990s that relatively large (>1 Mb) but submicroscopic genomic duplications and deletions causing gene CNV (copy number variation) were shown to cause Mendelian traits (16, 97, 99) . CNVs like SNPs can also represent benign polymorphic variants present in >1% of the population. However, the extent to which large duplication and deletion CNVs contribute to human genetic diversity, and may or may not convey phenotypes, is still being unraveled.
In 2004, with the advent of genome-wide analysis tools that could be used to interrogate DNA content, two studies revealed that copy number variations (CNVs) [i.e., DNA segments that present at variable copy number in comparison to a reference genome with the usual This value may be overestimated owing to the resolution limitation of the technologies (e.g., BAC aCGH) used in CNV screening but also could be underestimated because of the inability to resolve smaller CNVs (1-to 20-kb range) and the limitations of the current reference genome.
copy number of N = 2 (35) ] are widespread in human genomes and represent a significant source of genetic variation (57, 138) . With the aid of genome-wide technologies of higher resolution, over 38,000 CNVs (>100 bp in size) and many other structural variations (SVs, including balanced inversions and translocations) have been reported (Table 1) . In terms of total bases involved, SVs may account for more differences among individuals than do SNPs (132) . In addition, CNVs appear to have a much higher de novo locus-specific mutation rate than SNPs based on estimations from CNVassociated disease prevalence (92) and observations from PCR assays of pooled sperm DNA (166) . How has the human genome come to have such a great amount of CNV? Two recombination-based mechanisms, i.e., nonallelic homologous recombination (NAHR) and nonhomologous end-joining (NHEJ) (98) , and retrotransposition (63, 64, 68, 181) , have been implicated in genomic rearrangements and the formation of CNVs. Recently, a novel replication-based mechanism, fork stalling and template switching (FoSTeS), has been proposed to account for the observed complex genomic rearrangements that cannot be readily explained by NAHR, NHEJ, or retrotransposition (78) . Notably, breakpoint sequencing data also suggest that a portion of CNV likely occurs by a mechanism consistent with FoSTeS (125) .
In addition to their association with sporadic and Mendelian diseases in humans, CNVs have also recently been shown to be associated with human complex traits such as susceptibility to HIV infection, autism, and schizophrenia ( Table 2) . Since CNV can encompass part or all of a gene, or be a genomic segment containing several genes, some CNVs are likely to have a role in the alteration of human physiological functions, Thus, as well as causing disease, human-specific CNVs may be responsible for the emergence of advantageous human-specific traits, such as cognition and endurance running (24, 91) . They therefore are likely to be subject to evolutionary pressures such as selection as well as genetic drift (119) .
COPY NUMBER VARIATION AND STRUCTURAL VARIATION: THE PHENOMENON
In 2004, two studies reported that CNVs of many large DNA genomic segments exist between normal human individuals. Sebat et al. (138) employed a technology termed ROMA (representational oligonucleotide microarray analysis) with 85,000 interrogating probes with an average spacing of 35 kb to study the largescale (>100-kb) copy number differences between 20 normal individuals. In total, 221 copy number changes were detected at 76 CNV loci. Using a BAC (bacterial artificial chromosome) CGH array (127) with resolution of ∼1 Mb, Iafrate et al. (57) investigated largescale CNVs in 55 unrelated individuals and identified 255 clones with copy number gain or loss. Interestingly, 102 (41%) of these copy number changes are observed in more than one individual (57) , which suggests that these variations are not rare but may represent polymorphic variations. Furthermore, examination of the genomic content of such CNVs revealed that these genomic regions are not "junk" but include many functional genes involved in regulation of cell growth and metabolism (57) , thus implicating CNVs in human traits, disease, and evolution.
These two early studies provided evidence for a more expanded view of human genetic variation. However, owing to the limited subject sample size, assay resolution, and genome coverage, the newly discovered CNVs detected only a small fraction of the CNVs expected to exist in human genomes. In subsequent years, many additional studies using a multitude of different high-resolution genome analysis platforms have advanced our knowledge of CNVs, and a comprehensive CNV map is beginning to emerge.
SNP genotyping data have also been used to investigate deletion polymorphisms. By assuming that genotypes of SNPs included in CNVs will violate the rules of Mendelian transmission, as initially determined for the CMT1A duplication CNV (97, 101). Conrad et al. (18) examined the transmission patterns of SNP genotypes in 30 European-derived trios (i.e. mother, father, and child) from Utah and in 30 Yoruba African trios. A total of 586 deletion loci were identified, ranging in size from 300 bp to 1200 kb (18) . Intriguingly, the size versus frequency distribution of these deletions follows an L-shaped curve; i.e., there are more small deletions and fewer large ones (18) . A similar CNV distribution pattern was also found in other studies (Figure 1) .
In (159) . A total of 1447 CNV regions were identified and approximately half of these were detected in multiple individuals (132) . The CNVs included in the DGV database are reported to account for 29.7% of the human genome (Table 1) . However, in some of the initial studies, CNV size was often overestimated because of the relative low resolution of some platforms (e.g., BAC arrays) used in CNV screening. With the aid of high-resolution (∼1 kb) aCGH, Perry et al. (125) studied 2191 known CNV regions in 30 individuals from 4 HapMap populations. They detected copy number changes in 1153 loci and narrowed the boundaries of 1020 (88%) CNV regions (125) . Reduced CNV sizes were also reported in another study of McCarroll et al. (104) on the HapMap cohort via hybrid SNP-CNV genotyping arrays. Hence, the large-scale CNVs may affect less than previously proposed and CNVs perhaps encompass 5% of the human genome (104) , although this estimate is still challenged by methods that do not resolve end points to the base-pair level and by arrays that are based on a reference genome that is limited in scope.
In addition to the array-based platforms (SNP or CGH arrays), CNV can also be investigated by DNA sequencing. By mining insertion and deletion polymorphisms from split capillary reads of DNA resequencing traces that Venter >100
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Size distribution of copy number variations (CNVs) larger than 100 bp. (68, 167) . By comparing the SVs identified in NA15510 with those in NA18505, these authors found that 45% SVs were shared between NA15510 and NA18505 (68) .
Recently, comparison of the complete genomic sequence of Craig Venter (a de novo build of human diploid genome delineated with conventional Sanger dideoxy technology) (81), James D. Watson (177) , an African (NA18507) (10) , and Asian individual (174) (the latter three with next-generation sequencing following a comparison to the human reference genome) has revealed millions of SNPs, many short indels and large SVs. These studies showed conclusively what had long been suspected: there is a continuous size distribution of SVs in the human genome, with smaller variants being the most frequent at almost all scales (Figure 1) .
Interestingly, the size distribution of deletions observed in the Watson and Venter genomes (81, 177) exhibits a marked enrichment in the size range of 300-350 bases owing to the known retrotransposition-based polymorphism of Alu elements, and a less marked enrichment at ∼6 kb owing to the retrotransposition-based polymorphism of L1 elements (Figure 1) . Array-based methods were used to identify large (e.g., >50 kb) CNVs in these genomes. For the Watson genome, the read depth of 454 sequencing confirmed many array-detected CNVs. However, many CNVs < 50 kb in size potentially remain to be identified. The paired-end sequencing methods used in the African and Asian genomes enabled smaller CNVs to be identified than was possible with array-based methods. However, due to the limit of read length (average 35 bases), large-scale CNVs (especially duplications) may have been missed by massively parallel sequencing (10, 174) . Thus it remains a challenge to detect all CNVs in an individual genome using one single technology since CNV can range in size from single exons (∼100 bp) to millions of base pairs. However, in principle it should be possible to use new sequencing technologies to identify all forms of SV by combining pairedread analyses with read-depth analyses and de novo assembly. Hence our current inability to capture all of these variants remains, in part, an analytical challenge rather than a technical one.
In addition to sequencing-based platforms, some inversions can also be studied by PCR-based approaches (39) . NAHR between intrachromosomal low-copy repeat (LCR) sequences in reverse orientation can lead to inversion (154 83 .6% that could be explained by SNPs. Remarkably few of the CNV associations were also observed at SNPs; i.e. there is minimal overlap between the contributions from CNV versus SNP. This could be potentially explained in part by the low power in this study due to the relatively small sample sizes in each HapMap population (158) . In addition, because only a small portion of existing CNVs were investigated, the current observations in Stranger et al. (158) may underestimate the overall contribution of CNV to gene expression level. Further comprehensive research is expected to better elucidate the contributions of CNVs to human phenotypes.
How Many Copy Number Variations Remain to be Discovered?
Have we already identified all CNVs in the human genome? The answer is a definite "no". First, the characterization of the SV in a certain SD: segmental duplication genomic region requires knowledge about the sequence of this region. The current human genome sequence encompasses virtually all euchromatic regions; however, many gaps remain for which we have no sequence information. In the most recent draft published in April 2003 by the International Human Genome Sequence Consortium (59), up to 6% of the total genome is reported to remain uncovered, consisting of 341 sequencing gaps with 273 residing in euchromatin. An estimated 54% of all gaps in euchromatin regions are flanked by segmental duplications (SDs) or LCRs (5) and are thus prone to SVs (154) . Many of these are adjacent to complex LCRs (LCRs consisting of a cluster of different repeat subunits lying in either orientation, see Figure 2 below) (154) , such as the 15 gaps in the 1q21.1 deletion region recently found to be associated with microcephaly/macrocephaly and developmental/behavioral abnormalities (13, 106) and schizophrenia ( Table 2 ). In aggregate, many of the current sequence gaps of the human genome can be expected to contain sequences with SV. In fact, SVs can be one of the factors that complicated the completion of sequencing in the gap regions because different haplotypes need to be differentiated from each other (14, 27) . Most recently, Bovee et al. reported the closure of 26 of the 273 remaining gaps in euchromatin regions (12) . Indeed, 30.7% of these closed gaps are polymorphic and show SVs (12) .
Even in the genomic regions with available reference sequence, we may identify more novel SVs in the future. Genomic structures such as the complex LCRs (Figure 2 ) containing multiplex adjacent LCR elements in tandem and reverse orientations provide the structural basis for a multitude of variations including duplication, deletion, inversion of different length and in diverse combinations (14, 20, 47, 154) . The detection of all of these SVs will require detailed analyses of a large number of different haplotypes. Furthermore, complex LCRs, particularly those with inverted repeats, can also form cruciforms and may trigger genomic rearrangements, inducing nonrecurrent, sometimes complex SVs in some individuals. These variations tend to be rare and require large sample sizes for identification. Finally, the reference sequence contains the deleted allele at a number of common CNVs, manifesting as novel inserted sequences in sequencing-based surveys (64) , but missed by microarray-based surveys. These insertions can often be found in the chimp genome sequence, which suggests that these apparent insertions are indeed deletions in the human reference sequence.
Sos
Given the huge scientific and clinical significance of structural variations and human genomics in general, multicenter collaborative projects including the Human Genome Structural Variation Group (28, 64) and the 1000 Genomes Project (10, 174) have been launched to extend our knowledge on this subject. We are optimistic that these endeavors will unveil many novel structural variations of our genomes in the near future.
COPY NUMBER VARIATION: MECHANISMS FOR FORMATION
Four major mechanisms: NAHR, NHEJ, FoSTeS, and L1-mediated retrotransposition, generate rearrangements in the human genome and probably account for the majority of CNV (reviewed in References 47 and 51; Figure 3 ). (154). Repeats on the same chromosome and in direct orientation mediate duplication and/or deletion, whereas inverted repeats mediate inversion of the genomic interval flanked by the repeats (88, 154) . NAHR between sequence repeats on different chromosomes can lead to chromosomal translocation (88, 154) . Substrates for NAHR are LCRs or SDs of >10 kb in length with 95%-97% similarity (Figure 2) (147, 154) . Different groups of LCRs are sometimes localized adjacent to each other, with some subunits in tandem and others in reverse orientation resulting in complex LCRs (Figure 2) (15, 154) . Complex LCRs can themselves undergo CNV in both meiosis and mitosis, and specific structural variants may predispose susceptibility to chromosomal rearrangements (7, 14, 20, 90) . In addition to LCR, repetitive sequences such as the retrotransposable L1 elements (48) , Alu (2, 49, 139), or matching pseudogenes (65, 157) can act as NAHR substrates if from similar families or with high enough sequence identity to facilitate homologous recombination. Such shorter sequence substrates tend to mediate NAHR of shorter DNA fragments (48, 139) , which are often underestimated owing to the detection limit of many CNV assays (64, 68) . A recombination hotspot of 28 bp has been detected in Alu sequence (139) , whereas no recombination hotspots have been found in L1 sequences (48) .
Nonallelic Homologous Recombination Occurs in
NAHR hotspots can be closely related to the allelic homologous recombination (AHR) hotspots (46, 60, 89, 163) and can overlap in the human genome and in our ancestral genomes (86, 114, 131) . A cis-acting sequence motif CCNCCNTNNCCNC was found to be enriched in both AHR and NAHR hotspots (113) and may represent the analogue of Chi (GCTGGTGG) in prokaryotic homologous recombination (152) .
NAHR can occur in meiosis, where it results in unequal crossing over as revealed by segregation of marker genotypes and leads to constitutional genomic rearrangements that can be benign polymorphisms or manifest sporadic, if de novo, or inherited genomic disorders (92, 98, 166) . NAHR can also occur in mitosis, resulting in mosaic populations of somatic cells carrying copy number or SVs (39, 75, 76) .
The recent use of the advanced array-based techniques enabled the identification of a number of novel genomic disorders caused by the predicted NAHR-mediated reciprocal genomic rearrangements ( Table 2 ). The relative frequency of duplications and deletions mediated by the same pairs of LCRs is thus an increasingly important and clinically relevant question.
To address this question directly, Turner et al. (166) used pooled sperm PCR assays to analyze four NAHR loci related to wellstudied genomic disorders, including WilliamsBeuren syndrome (WBS; MIM 194050) deletion and 7q11.23 duplication, the azoospermia factor a (AZFa; MIM 415000) deletion and its reciprocal duplication, the hereditary neuropathy with liability to pressure palsies (HNPP; MIM 162500) deletion and Charcot-MarieTooth disease type 1A (CMT1A; MIM 118220) duplication, and the Smith-Magenis syndrome (SMS; MIM 182290) deletion and PotockiLupski syndrome (PTLS; MIM 610883) duplication in the sperm populations of five males. Strikingly, they found that all five subjects consistently displayed an approximately 2:1 ratio of deletion versus duplication at all three autosomal loci and 4:1 for the AZFa locus on the Y chromosome (166) . Thus, at least in meiosis on autosomal loci, the reciprocal deletion and duplication tended to have the frequency ratio of 2:1 (166), although the predominance of interchromosomal rearrangements in velocardiofacial syndrome (VCFS; MIM 192430) suggests a more equal ratio. Notably, the assays of Turner et al. (166) only measured the NAHR events across known meiotic recombination hotspots.
Lam & Jeffreys (75, 76) also performed pooled sperm assays on the alpha-globin locus in two subjects. Instead of measuring across hotspots in the LCR, they examined the entire globin locus and could thus also record NAHR events outside the hotspots and other non-NAHR rearrangements. In their study, one person showed the same deletion and duplication frequency, whereas the other one had more duplication than deletion. This apparent discrepancy between the two studies could be due to experimental design or it could reflect true differences among different NAHR loci, potentially influenced by the local genomic architecture.
Eichler and colleagues designed an aCGH platform to interrogate genomic regions with architectural features resulting in susceptibility to NAHR. Bioinformatic analyses of the human genome reference sequence were used to identify genomic intervals with substrate requirements (LCRs/SDs located on the same chromosome, directly oriented, and with high sequence identity) for NAHR (88) . They then designed arrays to interrogate NAHR susceptible regions to investigate the genomic DNA from patients with mental retardation (MR) and/or multiple congenital anomalies (MCA) (143) . In less than two years, they defined six new MR/MCA genomic disorders including microdeletions and/or microduplications of 1q21.1 (106), 15q13.3 (52, 144), 15q24 (145), 16p13.11 (50) , 17q12 (105), and 17q21.31 (143) . These and other studies clearly demonstrate the importance of understanding the mechanisms for human genomic rearrangements.
Some Simple Copy Number Variations Can Be Explained by Nonhomologous End-Joining
Nonhomologous end-joining (Figure 3) is utilized by human cells to repair DNA doublestrand breaks (DSBs) caused by ionizing radiation or reactive oxygen species and for physiological V(D)J recombination (83, 84, 136) . Two characteristic features of NHEJ are: (a) Unlike NAHR, NHEJ does not require substrates with extended homology; (b) NHEJ can leave an 'information scar' in the form of loss or addition of several nucleotides at the join point (82) .
Breakpoints of NHEJ-mediated rearrangements often fall within repetitive elements such as LTR, LINE, Alu, MIR, and MER2 DNA elements (120, 164) . Moreover, sequence motifs like TTTAAA, known to be capable of causing DSB or curving DNA, are present in proximity to many of these junctions (120, 148, 164).
MCA: multiple congenital anomalies
Also, many 17p translocations and other nonrecurrent deletions have one of their breakpoints in LCRs (155) . These data suggested that although without any obligatory substrate requirement for LCRs, NHEJ may still be stimulated by certain genomic architectures (147, 155 (78) , the SMS/PTLS locus (130, 171, 186) , the MECP2 locus (8, 22) , the LIS1 locus (11) , and a number of other loci have revealed the complex nature of many other nonrecurrent rearrangements, some of which were thought to be simple deletion or tandem duplication before the analysis by higher-resolution genome technologies. In addition, some complex chromosomal rearrangements unveiled by recent cytogenetic experiments can also be better explained by FoSTeS (171, 185) .
In our studies on breakpoint sequences of FoSTeS-mediated complex rearrangements, e.g., complex LIS1 duplications (11), microhomologies shared between two Alu elements have also been identified at one or more breakpoints. Thus, in addition to Alu-Alu-mediated NAHR resulting in simple genomic rearrangement (2, 49, 139), microhomology shared between Alu elements can also apparently be used for template switching and priming DNA replication on a new fork. Since the prevalence of Alu elements has been observed at the ends of LCRs/SDs (6) and at breakpoints of subunits of complex LCRs/SDs (2), FoSTeS events involving Alu elements may also be responsible for LCR/SD formation.
Not only can FoSTeS generate large genomic duplications of several megabases (11, 78) , it also causes genic duplication/triplication and even rearrangements of single exons (186) , which implicate FoSTeS in gene duplication and exon shuffling; two predominant mechanisms driving gene and genome evolution (42, 121) .
By reanalyzing the breakpoint sequence data of 23 deletion CNVs published by Perry et al. (125) , we have found that at least 5 (22%) CNV breakpoints were highly complex and consistent with two or more FoSTeS events. Furthermore, many of the remaining deletion CNVs show microhomologies at breakpoints, which are also consistent with FoSTeS × 1 (125) .
Based upon observations regarding genomic rearrangements in human (FoSTeS), bacteria, yeast, and other model organisms, Hastings et al. (51) proposed a generalized replicative, template-switch model that may underlie many structural variations in genomes and genes from all domains of life. This is termed the microhomology-mediated break-induced replication (MMBIR) model. MMBIR could not only lead to CNV by itself, but also create LCRs that provide the homology required for NAHR and predispose to more genomic rearrangements in future generations. MMBIR may cause somatic events associated with cancer and underlie the genomic rearrangements and CNV associated with the emergence of primate-specific traits providing variation for natural selection and evolution (51).
L1 Retrotransposition Contributes to Copy Number Variation
Long interspersed element-1 (L1) elements cover 16.89% of human genomic DNA and are the only currently active autonomous transposons in the human genome (45, 63) . Of the 516,000 copies of L1 in our genome, only about 80-100 copies are full length (about 6 kb in size) and have two intact open reading frames (ORF): ORF1 coding for a RNA-binding protein and ORF2 encoding a protein with both endonuclease (EN) and reverse transcriptase (RT) activity (3).
L1 transposition occurs via an RNA intermediate that is probably transcribed by RNA polymerase II (3). The reverse transcription and integration are thought to occur in a coupled process called target primed reverse transcription (TPRT) (123) (Figure 3) . The resultant insertion is flanked by duplicated target sites (TSD), characteristic of TPRT (123) .
L1s are also responsible for the mobilization of Alu elements and SVA elements (SINE-R, VNTR) (3, 45, 122) as well as retrogenes. Korbel et al. attributed 30% of the SV indels that they detected to retrotransposition; of these 90% were due to L1 elements themselves and 8% to SVAs (68). Kidd et al. found 15% of the SV events that they detected to be due to retrotransposition (64) . In the analysis of the mobile element-associated SVs in the Venter genome, Xing et al. found that ∼10% of the indels of > 100 bp are associated with transposable DNA sequences, including L1, Alu, and SVA (181) .
Almost all the sequenced SV breakpoints (N = 114) in Korbel et al. (68) bear signatures of either NAHR (surrounded by LCRs or other repetitive sequences), NHEJ/ FoSTeS × 1 (microhomology at the junction), or retrotransposition (mostly L1 elements). Kidd et al. (64) also observed similar evidence at breakpoints that can be interpreted as having occured by NAHR, NHEJ, FoSTeS, and retrotransposition mechanisms. Thus, these mechanisms can explain the majority of the DNA rearrangements occurring in our genomes.
COPY NUMBER VARIATION: MUTATION RATES
The mutation rate of point mutations is estimated to be 1.8-2.5 × 10 −8 per base pair per generation (67, 115) . Although precise estimates of CNV mutation rates are elusive, the locus-specific mutation rates of some de novo CNVs have been estimated by different methods, including studies of a single X-linked gene (DMD) (169) , prevalence calculations, pooled sperm PCR assays, and aCGH analyses of trios. The estimates for CNV locus-specific mutation rates range from 1.7 × 10 −6 to 1.0 × 10 −4 per locus per generation (92, 169) , i.e., 100 to 10,000 times higher than nucleotide substitution rates! Distinct from the relatively constant mutation rates of SNPs across the human genome [with the exception of a transition point mutation causing SNPs at CpG dinucleotides (19) ], mutation rates of CNVs can vary widely at different loci, likely reflecting the differences in CNV formation mechanism and local or regional genome architecture inciting genomic instability (Figure 4) .
For autosomal dominant genomic disorders that do not result in embryonic lethality and are fully penetrant with fitness w, the per-locus per-generation rate (μ) of loss-of-function mutation can be estimated by the birth prevalence B, i.e., μ = (1/2)(1 -w)B (92 New mutation rates for SNP versus CNV. Constant SNP mutation rates and variable CNV mutation rates across the human genome. Examples of human disease traits (OMIM numbers are shown) with different contribution of CNV versus SNP. Note that for some diseases at specific loci, CNVs outweigh SNPs as a mutational cause for disease. CNV de novo locus-specific rates can vary throughout the genome, whereas SNP rates are essentially constant. The SNP rate for CpG dinucleotides is constant but about ten times higher than other bases because of methyl-mediated deamination of cytosine to uracil, causing transition mutations. syndrome (DGS)/VCFS at 22q11.2, 1/10000 for WBS at 7q11.23, and 1/25000 for SMS at 17p11.2 (142), the estimated mutation rates for these genomic rearrangements are 2 × 10 −5 to 1.25 × 10 −4 per locus (92) . As determined by pooled sperm PCR assays directly in the male germline, the average rate for deletion CNV is 4.20 × 10 −5 for the CMT1A locus, 9.55 × 10 −6 for the WBS locus, 1.87 × 10 −6 for the LCR17p locus, and 2.16 × 10 −5 for the Ylinked AZFa locus (166) . Notably, the mutation rate of CMT1A duplication based on the experimentally determined pooled sperm PCR assay (1.73 ± 0.49 × 10 −5 ) (166) correlates very well with that determined theoretically from prevalence calculations (1.7 -2.6 × 10 −5 ) (92). The overall rate of de novo CNV can also be explored via the genome-wide screening for de novo CNVs in trios. By reanalyzing the oligonucleotide genome-wide tiling-path aCGH data of Sebat et al. (137) from trios of autism cases and controls, the per-locus www.annualreviews.org • CNV in Human Health, Disease, Evolutionmutation rate (μ) was estimated by μ × 3 × 10 3 = 1/2 (1 × 10 −2 ), i.e., μ = 1.7 × 10 −6 , based on the observations of 2 de novo CNVs (∼1%) out of 196 controls and average CNV size of ∼2 × 10 6 bp in the autism cohort (i.e., 2 × 10 6 such loci in the whole genome) (92). However, as the resolution limit of aCGH employed in Sebat et al. (137) prevents the detection of numerous small CNVs, the calculated CNV mutation rate of 1.7 × 10 −6 from their data may thus be an underestimate. Note also that somatic mutation may contribute to some of these observations, and it is important to demonstrate germline transmission to distinguish germline from somatic variants.
With the aid of accumulating CNV data, more accurate mutation rates for CNV will be accessible. Nevertheless, existing data suggest the de novo rates for CNV may be orders of magnitude greater than for SNPs in some regions of the genome. However, given their dependency on genomic architecture, locus-specific CNV mutation rates are much more variable across the genome than are SNPs. The variable mutation rates of CNVs may, in part, cause the relative contribution of SNPs/CNVs to vary widely among Mendelian loci (Figure 4 ).
COPY NUMBER VARIATION: CONVEYED PHENOTYPES
Large chromosomal aberrations have long been known to be associated with human diseases. The best-known example is Down syndrome (MIM 190685) caused by trisomy of human chromosome 21 (79) . Such large chromosome abnormalities are detectable by conventional microscopy. Copy number changes caused by submicroscopic genomic deletions were subsequently found to be involved in human diseases and other traits including thalassaemia due to alpha globin gene rearrangements (53) and redgreen color blindness; the latter affects approximately 8% of Caucasian males. In 1986, the redgreen pigment genes were mapped to Xq28 as a tandem array of one gene encoding red opsin and one or more genes encoding green opsin (118) . The high degree of sequence similarity between these genes makes them vulnerable to NAHR and the consequent deletion or duplication polymorphisms, some of which can totally eliminate or disrupt red or green opsin genes and lead to red-green color blindness (117) . Besides deletion resulting in defects in gene function, duplication involving a dosage-sensitive gene can also cause disease. In 1991, the first disease-associated submicroscopic duplications were identified in 17p12, and this duplication can lead to CMT1A (97, 99). Some examples of clinical phenotypes conveyed by CNVs involving single or multiple genes are shown in Table 2 . Smaller CNVs affecting single exons also account for a proportion of human diseases (30, 73, 74) .
Clinical findings associated with submicroscopic chromosomal imbalance (including deletions, duplications, insertions, translocations, and inversions) have been archived in DECIPHER (DatabasE of Chromosomal Imbalance and Phenotype in Humans using Ensembl Resources; http://www.sanger.ac.uk/ PostGenomics/decipher/) (37) . To date (May 2009), over 2,200 cases of >50 diseases have been included in DECIPHER.
CNV can be responsible for sporadic birth defects (87), other sporadic traits, Mendelian diseases, and complex traits ( Table 2 ). In this review we expand on complex neurological diseases and susceptibility to complex diseases as sporadic and Mendelian disease have been reviewed elsewhere (88, 98, 154) .
Complex Neurological Diseases
Parkinson disease. Parkinson disease (PD; MIM 168600) is a common neurodegenerative disorder with manifestations including resting tremor, muscular rigidity, bradykinesia, and postural instability that affects approximately 1% of the population over age 50 (128) . At least 13 genomic loci have been reported to be involved in PD, including SNCA, the alphasynuclein gene on 4q21 (128). Singleton et al. (150) identified a novel triplication involving SNCA linked to autosomal dominant PD in a large family, which implicates the dosage effect of SNCA in PD. In a further study of gene expression in the patients with the SNCA triplication, Singleton and colleagues, found an approximately twofold increase of SNCA protein in blood, a twofold increase of SNCA mRNA in brain tissue, and increased deposition of heavily aggregated SNCA protein in brain tissue (109) .
Later studies also confirmed the role of SNCA copy number gain in PD. ChartierHarlin et al. (17) discovered the SNCA triplication in one of nine families with autosomal dominant PD. SNCA triplication has also been reported in a family of Swedish American descent with autosomal dominant earlyonset PD (32) . In addition to the SNCA triplication, Fuchs et al. (41) Alzheimer disease. Alzheimer disease (AD; MIM 104300) is a neurodegenerative disorder compromising cognition in the elderly, which is characterized by intracellular neurofibrillary tangles and extracellular amyloid plaques that accumulate in vulnerable brain regions (140) . AD-associated point mutations have been identified in at least 15 genomic loci, including the APP gene encoding the amyloid precursor protein (43) . Genetic variations in APP promoter sequences are also associated with AD. Theuns et al. (162) identified eight novel APP promoter variants in late-onset AD, three of which can cause a nearly twofold neuron-specific increase in APP transcriptional activity in vitro. This observation suggests that increased APP level can result in AD and that APP is a dosagesensitive gene. Also of interest, Down syndrome due to trisomy 21 is associated with earlyonset Alzheimer disease; the APP gene maps to chromosome 21 and so those with Down syndrome have three copies. Thus, copy number gain of APP is hypothesized to be one of the causes of AD. Duplication CNVs of the APP gene have been reported in families with autosomal dominant early-onset Alzheimer disease (ADEOAD) and cerebral amyloid angiopathy (CAA) (133) . Rovelet-Lecrux et al. (133) identified five duplications of differing sizes and encompassing APP, which caused accumulation of beta-amyloid peptides and the consequent phenotype of ADEOAD with CAA. These APP duplications were present only in affected subjects and cosegregated with the disease in families and were not found in 100 healthy controls with normal cognition over the age of 60 years. APP duplications associated with dementia with CAA have also been identified in a Dutch population (151) .
Mental retardation. Mental retardation (MR)
is a nonprogressive cognitive impairment. Many de novo genomic rearrangements have been identified in patients with MR (21, 146, 153) . Due to the relative small sample size in the early studies, these de novo CNVs were identified in single cases and each CNV was different (21, 146) . Larger cohorts may help detect and confirm the roles of rare de novo CNVs in MR.
Recently, Froyen et al. (40) studied a large set of 300 well-characterized families with Xlinked mental retardation (XLMR) and identified 6 overlapping duplications at Xp11.22 in 6 unrelated males with predominantly nonsyndromic XLMR. Their maximal common duplicated region is about 320 kb and involves four known genes (SMC1A, RIBC1, HSD17B10, and HUWE1), three candidates of which may convey the phenotype of MR. SMC1A encodes the subunit of cohesion complex, and point mutations in it can lead to Cornelia de Lange syndrome (MIM 300590) with facial dysmorphisms, MR, and growth deficits in childhood (112) . A silent mutation of HSD17B10 has been reported to be a syndromic form of MR with choreoathetosis (80) . In addition to the duplications involving HUWE1 (an E3 ubiquitin ligase gene), Froyen et al. (40) also identified three point mutations of the same gene in three XLMR families, a finding that highlights the role of HUWE1 in XLMR and supports the conclusion that it is a dosage-sensitive gene, at (8, 15, 22, 168) .
Recently, Bi et al. (11) identified seven unrelated cases with submicroscopic duplication in 17p13.3 involving the LIS1 and/or the 14-3-3ε genes and using a 'reverse genomics' approach characterized the clinical consequences of duplication. "Genomotype"/phenotype correlations showed that increased LIS1 dosage can cause microcephaly, mild brain structural abnormalities, moderate to severe developmental delay, and failure to thrive, whereas duplication of 14-3-3ε increases the risk for macrosomia, mild developmental delay, pervasive developmental disorder, and results in shared facial dysmorphologies.
Autism. Autism (MIM 209850) is a child psychiatric disorder that is characterized by a triad of limited or absent verbal communication, a lack of reciprocal social interaction or responsiveness, and restricted, stereotypical, and ritualized patterns of interests and behavior (4) . To examine if CNVs can convey autism spectrum disorder (ASD), Sebat et al. (137) employed the ROMA technology in 165 families affected by autism and in 99 control families. They found significantly more spontaneous CNVs in ASD patients (14/195 ) than in unaffected controls (2/196) (P = 0.0005). Furthermore, the two CNVs in control subjects were duplications, whereas most of the CNVs (12/15) in ASD patients were deletions (137) . These observations suggest that a high frequency of de novo CNVs in ASD patients, especially deletions, is a risk factor for autism. Some of the de novo CNVs identified by Sebat et al. (137) have been reported to be autism-associated or overlap with autism susceptibility (AUTS) loci, for example, the duplication of 15q11-13 (AUTS4; MIM 608636) and the deletion of 16p11.2 (AUTS14; MIM 611913).
The role of 16p11.2 deletion in autism was also confirmed in later studies. By reanalyzing the data of the genome-wide association study of 751 multiplex families from the Autism Genetic Resource Exchange (AGRE), Weiss et al. (175) observed five patients with a 593-kb de novo deletion on 16p11.2. Subsequent CGH revealed 5 more cases of 16p11.2 deletion in 512 children affected by DD, MR, or suspected ASD and 3 more deletions in 299 Icelandic patients affected by autism, whereas only 2 such deletions were identified in 18,834 unscreened Icelandic controls. Kumar et al. (70) discovered 2 de novo 16p11.2 deletions out of 180 autism probands but none in 372 controls. In the subsequent additional screening, they found a similar result (2 deletions in 532 probands and no deletion in 465 controls). These observations suggest a significant association of the 16p11.2 deletion with autism (P = 0.044). Weiss et al. (175) also documented the reciprocal duplications. Both the 16p11.2 deletion and its reciprocal duplication were shown to be risk factors for autism; CNV at 16p11.2 accounts for approximately 1% of autism cases (175) . The association of reciprocal 16p11.2 deletion and duplication with autism was also confirmed by Marshall et al. (100) by a combined discovery of four 16p11.2 CNVs in 427 ASD patients versus none in 1652 controls (P = 0.002).
Using homozygosity mapping in pedigrees with shared ancestry, Morrow et al. (111) identified several large, inherited, homozygous deletions, including an 886-kb 3q24 deletion affecting DIA1, whose level of expression changes in response to neuronal activity.
Schizophrenia. Schizophrenia (MIM 181500) is a chronic, debilitating illness with both neurological and psychiatric features. It is common with a lifetime prevalence of approximately 1%. An increased number of CNVs were found to be associated with schizophrenia (173, 182) .
In genome-wide studies of thousands of patients, two related studies, Stefansson et al. (156) and the International Schizophrenia Consortium (161), discovered new loci responsible for schizophrenia ( Table 3) . Stefansson et al. (156) first screened and identified 66 de novo CNVs in 9878 transmission sets, none of whom had been diagnosed with schizophrenia. Then they tested these de novo CNVs for disease association in a sample of 1433 patients with schizophrenia and related psychoses and 33,250 controls. Three deletions (located on 1q21.1, 15q11.2, and 15q13.3) were found to be nominally associated with schizophrenia and psychosis (156) . The associations of these three deletions with schizophrenia were further confirmed by a follow-up investigation in a second sample of 3285 cases and 7951 controls. The International Schizophrenia Consortium (161) performed a genome-wide survey of rare CNVs in 3391 patients with schizophrenia and in 3181 ancestrally matched controls, and discovered two associated deletions on 1q21.1 and 15q13.3, which are identical to two of three deletions found in the cohort reported by Stefansson et al. (94, 156) . Furthermore, both studies also replicated the previously reported 22q11.2 deletions with schizophrenia phenotype in DGS/VCFS ( Table 3 ) (62) . The International Schizophrenia Consortium (161) also documented that the total CNV load was greater in patients with schizophrenia versus controls. Vrijenhoek et al. (172) identified 90 CNVs in 54 patients with schizophrenia; 13 of these are rare and not yet reported in human populations. Some of these rare CNVs were found to disrupt schizophrenia-associated genes, such as MYT1L, CTNND2, and ASTN2 (172) . Therefore, rare CNVs affecting functional genes can be an important causative variation resulting in complex diseases such as schizophrenia. However, given the low frequency of these rare CNVs, large sample sizes may be required to confirm the association with disease.
Susceptibility to Other Complex Traits
It has long been known that the deletion of the alpha-globin gene can lead to alphathalassaemia (53) and protect against malaria (38) . Recently, many more CNVs have been reported to affect disease susceptibility.
HIV susceptibility. Chemokines are secreted proteins involved in immunoregulatory and inflammatory processes (116) . The CCL3L1 gene on 17q12 encodes the potential ligand for CC chemokine receptor 5, the major coreceptor for HIV (107) . Therefore, CCL3L1 can be a dominant HIV-suppressive chemokine (107) . CNVs of CCL3L1 (from 0 to 10 copies) have been reported in the Caucasian population (165). Gonzalez et al. (44) examined the effects of the CCL3L1 CNVs on the susceptibility to HIV and showed that low CCL3L1 copy number (below population average) is associated with markedly enhanced HIV/AIDS susceptibility. Interestingly, a strong association was detected between higher infant CCL3L1 copies and reduced susceptibility to HIV in the absence of maternal nevirapine (69) .
Crohn disease and psoriasis. Crohn disease (CD), an inflammatory bowel disease, is a chronic disorder that causes inflammation of the digestive tract (MIM 266600). It has been shown that deficient expression of defensins, endogenous antimicrobial peptides protecting intestinal mucosa against bacterial invasion, can lead to chronic CD (34) . Therefore, it was hypothesized that low copy number of the beta-defensin gene cluster may also be associated with chronic CD (33). Fellermann et al. (33) showed a median of three HBD-2 (human beta-defensin 2) copies per genome in colonic CD patients, which was significantly lower than the median of four HBD-2 copies in healthy controls (P = 0.002). Individuals with three or lower copies of HBD-2 have a significantly higher risk of developing colonic CD than do individuals with four or more copies (odds ratio 3.06).
Different from the decreased risk of colonic CD in individuals with high beta-defensin gene copies, copy number gain of beta-defensin genes was shown to be associated with psoriasis (MIM 177900), a chronic inflammatory dermatosis that affects approximately 2% of the population (55) .
SNPs around IRGM (immunity-related GTPase family, M) have been associated with CD (124, 176) . Recently, McCarroll et al. (103) showed that a previously known 20-kb deletion polymorphism upstream of IRGM is in perfect linkage disequilibrium with a CD-associated IRGM SNP. The deletion haplotype of IRGM was shown to have a distinct expression pattern of IRGM compared to the reference haplotype. Given that the IRGM expression can affect cellular autophagy of internalized bacteria, it was suggested that the common deletion polymorphism of IRGM may cause CD through the altered level of IRGM expression, affecting the efficacy of autophagy (103) .
Pancreatitis. In the 1990s, several genes were determined to be associated with pancreatitis (MIM 167800), including the cationic trypsinogen gene PRSS1 (178) . Considering that the pancreatitis-associated missense mutations of PRSS1, for example, the R122H mutation, increase trypsin activity in vitro (134) , it was hypothesized that PRSS1 is a dosage-sensitive gene. When investigating a cohort of 34 French families with hereditary pancreatitis, Le Marechal et al. (77) did not identify any known point mutations in the pancreatitis-associated genes, but a 605-kb triplication encompassing PRSS1 was discovered in five families, which represents an identical-by-descent mutation.
Systemic lupus erythematosus and glomerulonephritis. Systemic lupus erythematosus (SLE; MIM 152700) is a chronic, remitting, relapsing, inflammatory, and often febrile multisystemic disorder affecting skin, joints, kidneys, and serosal membranes, due to failure in regulation of the immune system.
In an analysis of Fc receptor polymorphisms in northern European nuclear families with SLE, Aitman and colleagues found unexpected Mendelian errors at the FCGR3B gene in 14% of these families, which was hypothesized to be caused by CNV (1). Therefore, Aitman et al.
(1) examined the potential FCGR3B CNV in 30 individuals from 8 nuclear families, in which FCGR3B polymorphisms showed Mendelian errors, and identified significant variation in FCGR3B copy number. Though no association between FCGR3B CNV and SLE was detected, a weak association was identified with lupus nephritis, an SLE subgroup with glomerulonephritis. This association was further strengthened in a later study by these authors with a larger sample size (P value reduced from 1 × 10 −3 to 1.4 × 10 −8 ) (31). Furthermore, an increased risk for development of SLE in individuals with fewer than two copies of FCGR3B was reported in the U.K. cohort (31) . Willcocks et al. (179) confirmed the association of SLE with low FCGR3B CNV in Caucasians.
Complement component 4 (C4, including C4A and C4B) gene mutations have long been known to be associated with SLE (36). Yang et al. (184) examined the C4 CNVs in 1241 Americans of European descent. The copy number of C4 varied from 2 to 6 (C4A, 0 to 5; C4B, 0 to 4), and the risk of SLE increased in the subjects with low C4 copies but decreased in those with high C4 copies (184).
Molecular Mechanisms by which Copy Number Variations Convey Phenotype
CNVs caused by genomic rearrangements can convey phenotypes by the following molecular Table 4) . CNVs involving dosage-sensitive genes, such as PMP22, can alter gene expression levels and cause consequent clinical phenotypes. PMP22 (encoding peripheral myelin protein) is located within the 1.4-Mb CMT1A region at 17p12, whose duplication can lead to CMT1A by PMP22 overexpression (96, 97, 99) , whereas deletion can result in HNPP by PMP22 underexpression (i.e., haploinsufficiency) (16, 96) .
When the breakpoint of a deletion, insertion, or tandem duplication is located within a functional gene, it may interrupt the gene and cause a loss of function by inactivating a gene as exemplified by red-green opsin genes and color blindness (117) . Gene fusion caused by genomic rearrangements between different genes or their regulatory sequences can generate a gain-of-function mutation. This mechanism is prominent among cancers associated with specific somatic chromosomal translocations. Disease-associated gene fusion has also been found in hypertension (85) . Genes encoding aldosterone synthase and steroid 11 beta-hydroxylase on 8q are candidate genes for glucocorticoid-remediable aldosteronism (GRA, an autosomal dominant disorder that is characterized by hypertension with variable hyperaldosteronism). These two genes have 95% identity, and NAHR-caused gene fusion between them segregates with GRA in a large kindred (85) .
By removing or altering a regulatory sequence, CNV can have an effect on expression or regulation of a nearby gene out of the CNV region, i.e., position effect (66) . For example, mutations in SOX9 lead to campomelic dysplasia, but Velagaleti et al. (170) reported that two balanced translocations, with breakpoints mapping to approximately 900 kb upstream and 1.3 Mb downstream of SOX9 can also cause disease. Many other CNVs have been identified to alter gene expression and cause human diseases (66) .
Deletion removing one allele may unmask another recessive allele or functional polymorphism. For instance, the activity of the plasma coagulation factor 12 (FXII) in patients with the common Sotos syndrome deletion is predominantly determined by the functional polymorphism of the remaining hemizygous FXII allele (71) .
Transvection, the influence of gene expression by the pairing of alleles on homologous chromosomes, is one mechanism for trans regulation (25) . Its effect is mediated via deletion of regulatory elements required for communication between alleles. When studying the mouse models of SMS, Yan et al. (183) found that the penetrance of craniofacial anomalies (a major clinical manifestation of SMS) was modified by the 590-kb genomic sequence surrounding Rai1, in which potential transvection or other trans-regulatory factors may exist.
COPY NUMBER VARIATION: EVOLUTION
CNVs can lead to diseases or other human traits by involving dosage-sensitive genes, disrupting functional genes, or other molecular mechanisms. Therefore, CNVs can also be potentially exposed to selection pressure during evolution, which has been confirmed by the observations in humans and other primates, mice, and fruit flies.
Purifying Selection
Substantial evidence that the location of CNVs is biased away from functional sequences has been found in human genomes, which suggests purifying selection on CNVs within humans. By determining the proportion of SNPs within deletion CNVs in coding sequence versus introns, Conrad et al. (18) found strong underrepresentation of genic SNPs in deletion regions compared with the HapMap average. This finding has been confirmed by the observations of Redon et al. (132) that CNVs are preferentially located outside of genes and ultraconserved elements in the human genome and that a significantly lower proportion of deletions than duplications overlaps with disease-related genes and RefSeq genes.
Purifying selection on CNVs, especially deletions, was also observed in flies. Emerson et al. (29) used genome-tiling arrays to study the CNVs in D. melanogaster and detected 2658 independent CNVs, where duplications outnumbered deletions (dup/del = 2.5). This indicated purifying selection on deletion CNVs (29) . Dopman & Hartl (23) also detected a similar strong purifying selection on the CNVs in the Drosophila genome, especially those located in functionally constrained regions.
Gene Duplication and Positive Selection
Gene duplication has long been thought to be a central mechanism driving long-term evolutionary changes (56, 121) . Selection has also been shown to shape the architecture of segmental duplications during human genome evolution (61) . Studying CNVs, especially gene amplification favored by positive selection, during evolution may help us discover new functional genes and reveal the genomic alteration and environmental impact driving human evolution.
Sikela and colleagues (24) used aCGH of 41,126 human cDNA from 24,473 unique human genes to study gene CNVs spanning 60 million years of human and primate evolution. Gene duplications and losses were surveyed on a genome-wide scale across 10 primate species including human. It was found that 6,696 (27.4%) of the examined human genes represent CNVs in one or more of the 10 primate species (24) . Remarkably, gene gains typically outnumbered losses (gains/losses = 2.34), which suggests positive selection in primate genome evolution. Furthermore, some CNVs discovered are lineage specific (LS) (24) . Studying these human LS CNVs may reveal the evolutionary process driving the emergence of human-specific traits such as cognition.
In their earlier study of the human LS amplification (129), Sikela and colleagues found that the strongest signal comes from the multiplecopy protein domain, DUF1220. The copy number of DUF1220 was shown to be highly expanded in humans, reduced in African great apes, further reduced in orangutan and Old World monkeys, only single-copy in nonprimate mammals, and absent in nonmammalian species (129) . Examination of expression in brain showed that neuron-specific DUF1220 signals were present in the cortical layers of the hippocampus and also abundant in neurons within the neocortex (129) . Both evolutionary and functional evidence suggests DUF1220 and its expansion in the human lineage is critical to higher cognitive functions. Notably, the majority of DUF1220 sequences are located at 1q21.1 (129) , lying within regions of CNV that are associated with MR (143), schizophrenia (156, 161, 173) , and microcephaly/ macrocephaly (13) . This suggests a link between DUF1220 and human brain/cognition function and behavior.
Other examples of human LS gene copynumber expansions are AQP7. This is important for increasing glycerol transport for mobilization of energy stores and possibly water transport involved in exercise-induced sweating (24) and the salivary amylase gene, AMY1, which is correlated positively with salivary amylase protein levels and amount of starch in the diet among humans (126) .
These examples of human-specific or primate-specific gene amplification illustrate that CNVs encompassing functional genes can be evolutionally favored because of their adaptive benefits. Similar evidence for positive selection on gene duplication has also been found in other species. In the study of Emerson et al. on flies, 56% of the CNVs were found to affect genes and most notably high-frequency duplication CNVs were found to involve toxin-response genes (for example, Cyp6g1 contributing to resistance to DTT). This suggested potential positive selection on these CNVs (29) . In inbred mouse strains, large and complex interstrain CNVs (mainly duplications) were shown to be restricted to gene families functional in spermatogenesis, pregnancy, and immune response (149) . However, it was recently shown that the genic biases of CNVs could alternatively be explained by reduced efficiency of purifying selection in eliminating deleterious changes in humans (119) . In addition to gene duplication, CNV can also lead to exon shuffling (42, 186) , another hypothesis proposed to be responsible for the origin of new genes.
CONCLUSION
CNV has been recognized as a predominant source of genetic variation among human individuals. CNV encompasses more human genomic content and has a higher per-locus mutation rate than does SNP. Recombinationbased mechanisms (e.g., NAHR and NHEJ), retrotransposition, and a new replication-based FoSTeS and/or MMBIR mechanism have been shown to play roles in CNV formation. CNV can convey sporadic diseases, Mendelian and complex traits by dosage effects [triplication, e.g., PLP1 (180), MECP2 (22) , LIS1 (11), sometimes conveying more severe phenotypic consequences than duplication], gene disruption, position effect, and other molecular mechanisms. CNV is also thought to drive human genome evolution via gene duplication and exon shuffling. However, due to the limits of interrogating resolution and genome coverage of the present technologies employed in CNV studies, much more undiscovered CNV may exist in the human genomes, and further comprehensive investigation is expected to advance our knowledge of the distribution, formation, conveyed phenotype or genetic susceptibility, selection, and evolution of CNV.
SUMMARY POINTS
1. Structural variation, including CNV, is responsible for a large fraction of human genetic variation.
2. CNVs can represent benign polymorphic variations or convey clinical phenotypes by mechanisms such as altered gene dosage and gene disruption.
3. Human genome rearrangements can occur by several mechanisms that include both recombination (NAHR and NHEJ) and replication (FoSTeS/MMBIR)-based mechanisms. The latter can result in complex genomic rearrangements.
4. Locus-specific de novo mutation rates for CNV can be 100 to 10,000 times more frequent than for SNP.
5. The relative contribution of CNV to locus-specific mutation rate may vary throughout the human genome and can reflect local genome architecture resulting in regional susceptibility to genome instability.
6. CNV is important to human genome and gene evolution.
7. Gene duplication and triplication, and potentially exon shuffling, can occur by the FoSTeS and/or MMBIR mechanism.
FUTURE ISSUES
1. How should we define CNV? CNVs have been defined as "a segment of DNA that is 1 kb or larger and is present at a variable copy number in comparison with a reference genome" (35) . However, the cutoff of 1 kb is completely arbitrary. In fact, one might argue that 2 bp or more is a CNV versus a SNP using a chemical definition that SNP changes only the base in the DNA, whereas the sugar-phosphate backbone needs to be disrupted/altered to make a CNV. Nevertheless, based on a functional definition, it may be better to choose an average exon size (∼100 bp) as a parameter for defining CNV. Recent observations in the Watson and Venter genomes clearly indicate that the CNV size distributions show a marked enrichment in the range of 300 to 350 bp owing to the known retrotranspositionbased Alu polymorphisms (81, 177) (Figure 1 ). As analyses of higher resolution are applied, many more CNVs of smaller size ranges are likely to be discovered (Figure 1 ).
2. What will be the standard for determining if a copy number variant causes or is associated with susceptibility to a given phenotype? It is challenging to ascribe a phenotype to a CNV [genomotype/phenotype correlations (11)] because often there is no genetic code to help establish causation as there can be for nucleotide changes that result in nonsense or frameshift alleles. Penetrance for a CNV may not be complete and duplication CNVs may confer milder phenotypes than deletion CNVs at a given locus. Finally, it is extremely difficult to determine that a CNV does not influence a phenotype, challenging the notion of CNVs as benign polymorphic variants. Bringing together the common disease genetics community, which is undertaking large-scale association studies, and the clinical genetics community, which seeks to generate meaningful results for individual patients with relatively rare phenotypes, into a unified view of the allelic architecture of genetic diseases must be a clear objective for the coming years.
3. Will forward and reverse genomics identify the molecular bases of many traits? For almost a century forward genetics has been used to map Mendelian traits to specific loci in many organisms. With the advent of recombinant DNA, reverse genetics has enabled the creation of specific gene mutations and the elucidation of the phenotypic consequences of single gene alterations. Currently, the forward genomics clinical implementation of genome-wide arrays to identify CNVs responsible for disease traits is uncovering many regions of the human genome wherein genomic changes result in disease or susceptibility to disease. 5. What will be the impact of CNV on evolution? Due to the low resolution of methods utilized previously (e.g., BAC aCGH) in CNV screening, the majority of the identified CNVs have not yet been finely resolved to the nucleotide level. This precludes the ability to perform CNV genotyping. For over 90% of reported CNVs, we do not know their true population frequency because they have not been genotyped. To study the roles of CNV in genome evolution, we will need large CNV genotype datasets from different populations. Also, precise de novo CNV mutation rates throughout the genome are required to better understand the contribution of CNV versus SNP to genome evolution, particularly with respect to gene duplication/triplication and exon shuffling.
6. We need a better reference human genome. For designing genome-wide arrays and comparisons of personal genome sequences, one requires some reference from which to choose oligonucleotides to be placed on arrays and also to use for computational comparative analysis when sequencing. The current draft/finished genome must have its gaps filled and robust sequences for both heterochromatic transition regions and heterochromatin determined. Furthermore, CNV information needs to be integrated with the reference sequence such that nucleotide positions of breakpoints, rather than just genomic regions, are detailed in the reference genome. Comparison with the current reference genome can also lead to erroneous conclusions. For example, we have experienced in the studies on genomic duplications at the SMS locus that a de novo tandem duplication spanning across one end of an inversion allele can be misinterpreted to be a de novo complex duplication because only one inversion haplotype is in the current reference genome (186) . Also, as mentioned above, personal genome sequencing may identify genomic segments not present on the current reference sequence. Thus, because the current reference genome sequence contains the deleted allele at a number of common CNVs, these will be missed by microarray-based surveys given that the array design utilizes the reference genome sequence.
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